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Abstract
Chlorophyll a content and maximum yield of radical ion pair formation, P680qPPheo-P, were analyzed in D1rD2rcytb559
 .preparations isolated from spinach. The following results were obtained: a chromatographic analysis with HPLC using an
 .area-ratio method independent of extinction coefficients revealed that 7"0.5 Chl a are present per 2 Pheo; b based on
highly sensitive silver staining of proteins and its densitometric evaluation, the contamination by CP47 was estimated to be
 .4%, i.e., no more than 0.8 Chl can be ascribed to this Chl a binding protein; c measurements of laser flash induced
absorption changes at 830 nm as a function of the pulse energy indicate that under light saturating conditions one
qP yP  .P680 Pheo radical pair can be formed per 7–8 Chl a; d based on the saturation behavior of the different decay
components of the absorption changes and on a comparison of the absorption and single photon counting fluorescence data,
the 5-ns component is inferred to originate from ‘disconnected’ Chl. These results lead to the conclusion that functionally
fully competent D1rD2rcytb complexes contain 6 Chl per 2 Pheo. More than 90% of the centres are able to perform a559
charge separation leading to the radical pair P680qPPheoyP.
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1. Introduction
Photosynthetic water cleavage into molecular oxy-
gen and metabolically bound hydrogen in the form of
Abbreviations: Chl, chlorophyll; CP, chlorophyll protein; cyt,
cytochrome; HPLC, high-performance liquid chromotography;
OD, optical density; Pheo, pheophytin; PQ, plastoquinone; PSII,
photosystem II; P680, photochemically active Chl a of PSII; Q ,A
Q , primary and secondary quinone acceptor; SDS, sodiumB
dodecylsulfate; SiMo, silicomolybdate.
) Corresponding author. Fax: q49 30 31421122.
plastoquinol takes place within a multimeric protein
 .complex referred to as photosystem II PS II . The
reaction sequence is initiated by the photooxidation
of a special Chl a component, the primary donor
P680, with Pheo a as acceptor for a review see Ref.
w x.1 . After stabilization of the ion radical pair
P680qPPheoyP by rapid electron transfer from PheoyP
 w x.to a special plastoquinone Q tf300ps 2–4 , twoA
 .reaction sequences take place: a the strongly oxidiz-
ing P680qP leads to water oxidation via four consecu-
tive univalent oxidation steps at a manganese cluster
with a redox active tyrosine as intermediary electron
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 w x.transfer component for reviews see Refs. 5,6 and
 . yPb Q acts as reductant for the sequential two-stepA
 w x.formation of PQH for a review see Ref. 7 . PS II2
complexes that retain the full oxygen evolution ca-
pacity consist of at least 8 polypeptides CP47, CP43,
D1, D2, the two subunits of cytochrome b , the559
psbI gene product and the extrinsic PS II-O protein,
w x.see Ref. 8 . Smaller complexes can be isolated that
are still able to form the radical ion pair P680qPPheoyP
but are deprived of the capacity to evolve oxygen and
w xto reduce PQ 9,10 . This complex, designated as
D1rD2rcytb preparation, binds P680, Pheo, the559
heme group of cytochrome b , accessory Chl a and559
1–2 carotenoids, with the psbI gene product as an
additional polypeptide constituent. However, it lacks
w xQ 9–11 and therefore, in the absence of powerfulA
exogenous acceptors like SiMo, the radical pair can-
not be stabilized and recombines dissipatively with
w xkinetics of 20–50 ns 12–16 . This process is accom-
panied by triplet formation of P680. In addition to
these 20–50 ns kinetics, fluorescence decay curves
and flash induced absorption changes at 820 nm
exhibit a pronounced relaxation with a typical life-
time of 5–6 ns. This value is reminiscent of the
 w xlifetime of Chl a in dilute solutions see Ref. 17 and
.refs. therein and therefore the 5–6 ns kinetics were
ascribed to Chl a that is ‘disconnected’ from the
w xelectron transfer process 15,18,19 . Alternatively the
5–6 ns component has also been interpreted as a fast
w xradical pair recombination 20 .
The pigment composition of D1rD2rcytb559
preparations is a matter of controversial discussion.
The most commonly reported stoichiometry is a ratio
w xof 6 Chl a per 2 Pheo 11,15,21 . On the contrary
there are several reports that claim a minimum of 4
Chl a per 2 Pheo and ascribe the higher Chl a
content to small contaminations of CP47 see Ref.
w x .22 and refs. therein . One problem that is probably
the origin of a number of conflicting results is the
limited precision of the analytical tool used for quan-
titative pigment determination. A recent study ad-
dressing this point leads to the conclusion that puri-
fied D1rD2rcytb preparations contain 6 Chl a559
w xper 2 Pheo 23 . Interestingly, it has recently been
reported that one of the 6 Chl can be removed using a
w xCu-affinity column 24 . The uncertainty of the pig-
ment level in D1rD2rcytb preparations is of key559
relevance when interpreting time-resolved subpico-
.second and picosecond domain transient absorption
and emission data.
The present study addresses three particular prob-
 .lems of D1rD2rcytb preparations: i the Chl559
 .arPheo stoichiometry, ii the maximum extent of
qP yP  .P680 Pheo radical pair formation and iii the
origin of the 5–6 ns decay component.
2. Materials and methods
2.1. Isolation of PS II preparations
PS II membrane fragments were isolated from
market spinach according to the procedure of Berthold
w x w xet al. 25 with slight modifications 26 .
D1rD2rcytb complexes were prepared using a559
w xmodified protocol reported by Seibert et al. 27 . In
order to minimize the chlorophyll content the wash-
ing procedure was carried out until the OD was670
below 0.003. After prolonged washing slight addi-
tional bands became visible in silver-stained SDS-
polyacrylamide gels. It has to be emphasized that
these bands are not detectable with the often-used
Coomassie blue staining method. These fragments
could be identified as D1 degradation products by
 .immunoblotting data not shown . However, this
degradation had no effects on the spectroscopic prop-
erties of the sample, in correspondence with recently
w xreported data 28 .
The contamination by CP47 was estimated by
densitometric evaluation of the silver-stained gel with
a Desaga Quick Scan Densitometer.
For determination of the total chlorine content in
D1rD2rcytb complexes an acetone extract of the559
sample was acidified before measuring the Pheo con-
w xcentration according to Vernon 29 .
2.2. HPLC-pigment analysis
For pigment analysis by HPLC a reversed-phase
nucleosil 100C18 column pore size 5 mm, 4 mm=
.250 mm and a solvent mixture of methanol and
 .tetrahydrofuran 9:1 were used. The runs were per-
formed at a flow rate of 1 mlrmin. The absorption
peak maximum of the Pheo eluted from the column
was checked to be 665 nm. Therefore, the determina-
tion of Pheo was performed at this wavelength. The
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chromophores were extracted from D1rD2rcytb559
preparations with 80% acetone and separated by
HPLC after 20 min incubation. Afterwards 3 mlrml
 .HCl 37% wrw were added to the raw extract in
order to pheophytinize the Chl and a second run was
started. The area ratio of the Pheo peaks of the
second and the first run equals the ratio r of total
chlorine to Pheo.
2.3. Laser-flash spectroscopy
Measurements of the 830 nm absorption changes
w xwere performed as described in Liu et al. 30 by
using 80 ps laser pulses l s530 nm, pulse en-exc
.ergy: up to 10 mJ . The optical path length was 2 mm
for probe and excitation. Fluorescence decay curves
were monitored at 684 nm using a single photon
w x counting technique outlined in Liu et al. 30 l sexc
650 nm, pulse duration: 15 ps, maximum time resolu-
.tion per chanel: 12.5 ps .
3. Results
3.1. Stoichiometry of Chl a to Pheo
 .Fig. 1 shows the absorption spectrum top trace
 .and the 77K emission spectrum bottom trace of the
D1rD2rcytb preparation used in this study. Both559
spectra exhibit the typical features of an ‘intact’
preparation, i.e., an absorption maximum of 676 nm
in the region of the Q transition of Chl a and a peaky
w xof 683 nm in the 77K fluorescence spectrum 27,31 .
Furthermore, the shape of the Soret-band resembles
that reported recently as to be typical for a purified
w xD1rD2rcytb preparation 22 .559
The Chl a:Pheo ratio of these samples was ana-
lyzed by HPLC as described in Section 2. In order to
avoid complications by uncertainties of the molar
extinction coefficients, the HPLC was performed with
two aliquots taken from the same preparation: one
untreated sample and the other one where all Chl
were pheophytinized by HCl addition. Fig. 2 shows
the elution profiles that were scanned at 665 nm. In
the top trace two peaks are resolved due to Chl a and
Pheo, whereas in the bottom curve only a Pheo-peak
is detected, which reflects the total chlorine content.
The area ratio of the Pheo-peaks of the second and
 .Fig. 1. Absorption spectrum at room temperature top trace and
 .fluorescence emission spectrum at 77K bottom trace in
 .D1rD2rcytb preparations a.u.sarbitrary units .559
Fig. 2. Elution profile of the HPLC pigment determination at 665
nm top trace: untreated D1rD2rcytb ; bottom trace: after559
.addition of HCl .
( )J. Kurreck et al.rBiochimica et Biophysica Acta 1318 1997 307–315310
first run is 4.5"0.2. If one accepts that in both cases
the molar extinction coefficient of pheophytin re-
mains the same, the ChlqPheo to Pheo ratio is
4.5"0.2, i.e., the Chl to Pheo ratio is 3.5"0.2. A
similar value results from the ratio of the areas
ascribed to Chl a and Pheo in the upper trace if data
from the literature are used for the molar extinction
w xcoefficients of both pigments 23 . If the reaction
 .centre consists of 2 Pheo vide infra , a stoichiometry
of 7"0.4 Chl a: 2 Pheo is obtained.
As contaminations of D1rD2rcytb prepara-559
tions by CP47 were often claimed to be mainly
responsible for Chl a: 2 Pheo stoichiometries larger
 w x .than 4 see Ref. 22 and refs. therein , a sensitive
silver staining was used to detect traces of CP47. Fig.
3 shows the trace and a smoothed curve of the
densitometric evaluation of the silver-stained PAGE.
The curve exhibits dominant bands owing to poly-
peptides D1 and D2 and the D1rD2 heterodimer. In
the region of CP47 only a minor band is resolved.
Based on the area ratio and the approximation that
the staining depends only on the molecular weight of
a protein, the content of CP47 is calculated to be
4"1%. Taking this value and a stoichiometry of 20
w xChl a per CP47 32 results in a maximum content of
0.8"0.2 Chl per 2 Pheo that can originate from
contamination by CP47.
3.2. P680 qPPheoyP radical pair formation
The extent of P680qPPheoyP formation was mea-
sured by monitoring flash induced absorption changes
at 830 nm. At this wavelength both components are
characterized by positive difference extinction coeffi-
Fig. 3. Trace and smoothed curve of densitometric evaluation of
the silver-stained gel. The areas reflecting the polypeptides D1
and D2, the D1rD2-heterodimer and the CP47 contamination are
marked.
Fig. 4. Time course of flash induced absorption changes at 830
nm measured at different laser pulse energies in D1rD2rcytb559
preparations. Total chlorine content: 95.4 mM, optical path length:
0.2 cm.
cients of the formation of the radicals P680qP and
yP w xPheo 33,34 . Likewise, the formation of the first
excited singlet and the triplet state of Chl a also
gives rise to positive absorption changes at 830 nm
 w x .see Ref. 30 and refs. therein . Therefore, the mea-
sured signals represent the composite of different
events. In an attempt to separate contributions of
different origin, the absorption changes were mea-
sured at different energies of the actinic laser pulse.
Typical traces obtained are depicted in Fig. 4. Kinetic
analyses based on absorption changes measured at
different time domains show that the overall decay
 .can be described by three components: i fast decay
 .with a characteristic relaxation time of t f5 ns, iif
 .moderate decay with t f40 ns and iii slow decaym
with t in the ms time domain. The moderate decays
reflects the P680qPPheoyP radical pair recombination
w x12–16 . In order to clarify whether the fast decay is
indicative of a subpopulation of D1rD2rcytb559
complexes with a more rapid radical pair recombina-
w xtion 20 or characterizes the excited singlet state
relaxation of a functionally disconnected accessory
w xChl a 15,18,19 , the normalized amplitudes of the
three decay components were plotted in Fig. 5 as a
function of the laser pulse energy. Two striking
 .features emerge from these data: a the laser pulse
energy required for half saturation is lower by a
factor of about 3 for the normalized amplitude of the
40 ns component compared with that of the 5 ns
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Fig. 5. Normalized amplitudes of the individual decay compo-
nents of 830 nm absorption changes as a function of laser pulse
energy. Top trace: 5 ns component; middle trace: 40 ns compo-
nent; bottom trace: components with kinetics in the ms time
domain.
 .kinetics, and b the saturation curve of the 40 ns
component can be satisfactorily described by an ex-
ponential curve of the type
maxA E sA 1yexp ycPE 1 .  .  .m m
 . maxwhere A E and A are the normalized ampli-m m
tudes of the 40 ns component at laser pulse energy E
and at saturation, respectively, and c is a constant that
contains the optical cross-section s and the photo-
chemical quantum yield F of charge separation.PC
An exponential saturation curve is typical for a sys-
tem of isolated photosynthetic units without excita-
tion energy transfer between the units for a deriva-
 .tion of Eq. 1 on the basis of the Poisson statistics
w x.see Ref. 35 . This condition is perfectly satisfied for
isolated D1rD2rcytb559 preparations.
A best fit of the normalized amplitude of the fast
 .component A E by an expression analogous to thatf
 .of Eq. 1 is shown at the top of Fig. 5. Although the
description of the experimental data is not as good as
 .for A E , the curve might be interpreted as to reflectm
a photochemical reaction. In this case either s or
F has to be smaller by a factor of about 3 becausePC
 .  .E is the same for A E and A E . Alternatively,f m
 .A E could describe the population of the first ex-f
cited singlet state of functionally disconnected Chl a
that decays to the ground state with tf5 ns see
.Section 4 .
The slow components are indicative of triplet for-
mation because the lifetime is characteristic for this
w x  .state 33,36 . The saturation curve of A E exhibits as
 .shape that differs from that of A E . Therefore, them
triplets are not exclusively formed via radical pair
recombination due to the 40 ns reaction. Depending
on the origin of the 5 ns kinetics, it is possible that
triplet formation also comprises intersystem crossing
processes of excited singlet states of ‘disconnected’
 .Chl a see Section 4 .
3.3. Stoichiometry of P680 qPPheoyP formation and
triplet yield of radical pair recombination
The maximum extent of radical ion pair formation,
w qP yPxP680 Pheo , can be determined by:max
qP yPP680 Pheo max
D Amax P680qPPheoyP .830s 2 .qP yPdPDe P680 Pheo rP680Pheo .830
max qP yP.where D A P680 Pheo is the amplitude of the830
830 nm absorption change that reflects the radical ion
pair formation at saturating laser pulse energy,
 qP yP .De P680 Pheo rP680Pheo is the molar decadic830
difference extinction coefficient of this reaction at
830 nm and d is the optical path length.
The flash-induced transient absorption change
measured at 830 nm is the composite of several
contributions as illustrated in Fig. 6. The kinetics of
Chl a singlet state formation and subsequent trapping
into the radical ion pair are too fast to give rise to
resolvable absorption changes at the time resolution
of our equipment. On the other hand, excited singlet
states with longer life-times e.g., ‘disconnected’ Chl
.a can be monitored. The relaxation of D A due to830
P680qPPheoyP recombination is overlapped by the
rise and subsequent very slow decay of contributions
to D A that originate from the transient population830
of triplet states. Accordingly, the normalized extent
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Fig. 6. Schematic representation of the time course of different
contributions that give rise to flash-induced absorption changes at
830 nm calculated at an excitation energy of 10 mJ.
of the 40 ns kinetics extracted from a kinetic data
max qP yP.analysis does not reflect D A P680 Pheo but830
has to be corrected for the contributions due to
 .transient triplet state formation see Fig. 6 . The
extent of this correction depends on the interpretation
of the 5 ns component. If these kinetics are assumed
to originate from ‘disconnected’ Chl a, the normal-
ized amplitude A corresponds to a singlet statef
population of 8 mM at laser pulse energy of 10 mJ,
1 ) .based on a De Chl arChl a value of 4.7830
y1 y1 w xmM cm 2,37 . Another problem of the calcula-
tion is the triplet yield of this ‘disconnected’ Chl a.
Taking the triplet yield of Chl a in dilute solution,
w x 3 .i.e., 67% 38 , and a De Chl arChl a of 3.3830
y1 y1 w x max  .mM cm 33 the A -value of Fig. 5 bottoms
has to be corrected by 3.5P10y3. Accordingly, the
triplet contribution to Amax owing to the value of thes
40 ns recombination of P680qPPheoyP is 1.8P10y3.
max  .Taking this value and A from Fig. 5 middle onem
max qP yP. y2calculates D A P680 Pheo s2.14P10 .830
The molar decadic difference extinction coefficient
 qP yP .De P680 Pheo rP680Pheo can be approxi-830
mated by the sum of the individual contributions
 qP .  yP .De P680 rP680 q De Pheo rPheo pro-830 830
vided that the oscillator strength is not significantly
modified by the electrostatic effect between the ions
of the radical pair. Theoretical calculations revealed
w xthat this condition is satisfied 39 . Accordingly, based
w xon data reported in the literature 33,34 , a value of
1 1 . 7 m M y 1 c m y 1 i s u s e d f o r
 qP yP .De P680 Pheo rP680Pheo . With these values830
and an optical path length of 0.2 cm the maximum
extent of P680qPPheoyP formation is calculated to be
w qP yPxP680 Pheo s9.2 mM.max
It has to be emphasized that this calculation tacitly
implies that the 5 ns kinetics does not originate from
radical pair recombination but reflects the decay of a
functionally ‘disconnected’ Chl a. It also depends on
the assumed triplet yield of this Chl a. A signifi-
cantly lower triplet yield would lead to values of up
to 10.5 mM P680qPPheoyP. Therefore, the value of
9.2 mM is a lower limit for the determination of
stoichiometric ratios. Based on a total chlorine Chl a
.plus Pheo content of 95.4 mM, the data of the
present study show that under saturating laser pulse
excitation energy one radical ion pair P680qPPheoyP
is formed per maximal 10 chlorine. The value would
drop to 9 in the case of low triplet yield of ‘discon-
nected’ Chl a or even further down to about 7 if the
5 ns kinetics are also ascribed to P680qPPheoyP
recombination. The data also permit an estimation of
the triplet yield due to recombination of
qP yP max  .P680 Pheo . Taking the values of A 40 ns ss
y3 max  qP yP.1.8 P10 and of D A P680 Pheo s2.14 P830
10y2 and the corresponding difference extinction co-
 .efficients vide supra , a triplet yield of 30% is
obtained. This value corresponds with data reported
w xin the literature 12 .
3.4. Fluorescence decay measurements
Time-resolved fluorescence decay kinetics provide
a complementary approach to monitor excited state
and radical pair dynamics. The measurements were
performed using a conventional single photon count-
ing technique as described in Section 2. The data
were recorded in three time windows of 12.5 ns, 125
 .ns and 250 ns data not shown . A numerical data
analysis reveals that at least 6 exponential decay
kinetics are required to achieve a sufficient fit, if the
fit is carried out globally in all three time windows.
The obtained decay kinetics with lifetimes and initial
.  .  .amplitudes of 30 ps 64.7% , 170 ps 16.7% , 1.2 ns
 .  .  .  .6,9% , 5.1 ns 8.1% , 18 ns 2.6% and 55 ns 1.0%
are in reasonable agreement with data reported in
w xGatzen et al. 40 for an excitation wavelength of 650
nm.
Apart from the fast components that were not
monitored by the 830 nm absorption changes due to
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the limited time resolution, the fluorescence relax-
ation kinetics exhibit three slower kinetics with t-val-
ues of 5 ns, 18 ns and 55 ns. The 5 ns component is
gathered from the kinetic deconvolution of both mea-
surements and therefore assumed to reflect the same
reaction. If one assumes that the 5 ns component is
due to ‘disconnected’ Chl its 8% relative initial am-
plitude in the fluorescence should in principle give a
reasonable estimate of the fraction of this Chl-pool
provided that the emission spectrum and the natural
lifetimes of the excited state of the ‘disconnected’
Chl resembles those of the active D1rD2rCytb559
particles. Furthermore, this estimate requires that the
time resolution is sufficient to monitor all fluores-
cence decay components. Due to the limited time
resolution of 12.5 ps per channel we cannot exclude
the possibility that a very fast component was not
detected in our measurements. Therefore, the fluores-
cence decay suggests that the fraction of ‘discon-
nected’ Chl is less than or equal to 8%.
In the longer time domain two kinetics are ob-
tained for the fluorescence measurements. This result
w xis consistent with previous findings 14,41 which
showed long-lived fluorescence components with very
w xsimilar lifetimes. However, in contrast to Ref. 14 , in
the present study the combined ion radical pair yield
t a r a t of the two very long-lived componentsk k i i i
 .20 ns, 52 ns was with 65% clearly larger than the
 .yield of the 5.3 ns component 26% .
The 20- and 52-ns components are ascribed to
recombination fluorescence of the ion radical pair
qP yP w xP680 Pheo . Similarly to Ref. 14 , attempts to fit
the data of the 830 nm absorption changes with these
two kinetics were successful but did not lead to a
better description than that with a single 40 ns com-
ponent.
4. Discussion
This study presents an analysis of the Chl a
content, the extent of the P680qPPheoyP radical ion
pair formation and the origin of the 5 ns decay
component of D1rD2rcytb preparations.559
The Chl arPheo ratio was determined by using a
HPLC technique. In order to avoid problems arising
from uncertainties of extinction coefficients, an area-
ratio method was applied that is based on the pheo-
phytin determination of the untreated and fully pheo-
phytinized samples, respectively. A ratio of 3.5"0.2
Chl a per 1 Pheo was obtained. Using the difference
w xextinction coefficients reported recently 23 leads to
virtually the same value within an experimental error
.of 5% . Therefore, the D1rD2rcytb preparation559
can consist of either 3.5 Chl and 1 Pheo or 7 Chl and
2 Pheo. The measurements under saturating laser
pulse excitation revealed that one P680qPPheoyP is
formed for at most 10 chlorine. The 10 chlorine can
be interpreted as 9 Chl and 1 Pheo or as 8 Chl and 2
Pheo per D1rD2rcytb complex.559
Taking together the results of the HPLC analysis
and the optical measurements, two possibilities exist:
 .i The D1rD2rcytb complex contains 7 Chl and559
2 Pheo, and one radical ion pair is formed in about
 .90% of all centres. ii The preparation contains 3.5
Chl and 1 Pheo, and 55% of the complexes are
unable to perform charge separation. The latter possi-
bility seems to be rather unlikely because the chloro-
phylls of the ‘dead’ centres would be expected to
behave like ‘disconnected’ chlorophyll, which should
exhibit a 5-ns decay kinetics of the excited 1Chl)
w x15,18,19 . The fraction of the 5-ns component found
by optical measurements accounts for only about 8%
and not for more than half of the total chlorines. The
possibility of a singlet state decay that is faster than
the time resolution of the 830 nm absorption mea-
 .surements - 600 ps is highly unlikely in
D1rD2rcytb complexes incapable of photochem-559
ical trapping by P680qPQyP formation. Likewise, theA
triplet yield found in the measurements is far below
the amount one would expect if more than half of the
centres are unable to perform charge separation.
Therefore we conclude that the D1rD2rcytb559
preparation consists of 7"0.4 Chl and 2 Pheo and a
radical ion pair is formed in at least 90% of all
complexes. If one takes into account the possibility of
a significantly lower yield of triplet state formation at
the presumed ‘disconnected’ Chl a than for Chl a in
dilute solutions, the value of P680qPPheoyP forma-
tion approaches 100%. As a consequence it can be
inferred that high quality D1rD2rcytb prepara-559
tions are functionally homogenous in terms of radical
ion pair formation, i.e., they do not contain ‘dead’
centres.
This conclusion is in agreement with the usual
assumption, that the D1rD2rcytb preparation559
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contains 2 Pheo per complex in analogy to the stoi-
chiometry of the corresponding functional groups in
w xreaction centres of purple bacteria 42,43 . Direct
spectral evidence for two functionally different types
 .of Pheo active and inactive in PS II has been
w xpresented only recently 44 .
A protein analysis with sensitive silver staining
reveals that possible contaminations by CP47 are
about 4%. Based on the Chl a content of CP47
w xreported in the literature 32 , 0.8 Chl ar2 Pheo can
account for this contamination. Taking together all
these data, the D1rD2rcytb complex is inferred559
to contain 6 Chl a per 2 Pheo. This conclusion is in
w xfull agreement with recently reported findings 23 .
For the following reasons the data of this study
also provide direct evidence for the idea that the 5-ns
kinetics observed in the D A - and fluorescence830
decay reflects predominantly the excited singlet state
decay of a ‘disconnected’ Chl a:
 .1 A quantitative calculation reveals that a value
of 5 Chl a would be obtained for one P680qPPheoyP
generated by a saturating laser pulse if the 5 ns
component is assumed to reflect radical ion pair
 .formation and decay see Section 3 . This ratio is
inconsistent with the Chl a content of about 7 Chl a
per D1rD2rcytb complex measured by HPLC.559
Therefore, the 5-ns component originates mostly – if
not entirely – from a ‘disconnected’ Chl a.
 .2 The 5-ns and 40-ns components exhibit a
strikingly different dependency on laser flash inten-
 .sity see Fig. 5 . An assignment of the 5-ns compo-
nent to a radical pair would require that either the
quantum yield of radical pair formation, F , or thePC
optical cross-section should be smaller by a factor of
about 3 compared with the corresponding parameters
of the 40-ns component. This would imply that either
the effective antenna size is decreased by this factor
in the complexes that give rise to formation of
P680qPPheoyP pairs with a 5-ns kinetics or that the
photochemical quantum yield should be diminished.
Both effects are highly unlikely.
 .3 Based on a difference extinction coefficient of
y1 y1 w x4.7 mM cm 2,36 , an amount of 8 mM ‘discon-
nected’ Chl a is obtained from the initial amplitude
of the 5-ns component of D A . At a total chlorine830
content of 95.4 mM, this accounts for about 0.8 Chl
a per D1rD2rcytb complex. This value is in559
perfect agreement to that of 0.8 Chl a as the possible
 .maximum of contamination by CP47 see above .
 .4 The 5-ns decay component contributes with
about 8% to the initial amplitude of the fluorescence
decay. This is in very good agreement with about 8
mM or 8% of ‘disconnected’ Chl as calculated from
the absorption changes. On the other hand, the 5-ns
component of D A would account for about 3 mM830
P680qPPheoyP if it is ascribed to a radical pair. Based
w xon the reversible radical pair model 45 this concen-
tration of P680qPPheoyP should lead to a 5-ns recom-
bination fluorescence which is much smaller than 3%
of the initial fluorescence amplitude.
Taking together all data, the present study reveals
that functionally competent D1rD2rCytb559 prepa-
rations contain 6 Chl a and a virtually 100% capacity
of generating P680qPPheoyP per 2 Pheo under light
saturation conditions. The 5-ns decay component
originates from ‘disconnected’ Chl, possibly from
slight contamination by CP47.
5. Note aded in proof
Two recent studies that came to our knowledge
after submission of this manuscript confirmed a con-
tent of 6 Chlr2 Pheo in D1rD2rcytb complexes559
w xby HPLC pigment analysis. Zheleva et al. 46 im-
munologically estimated the CP47 contamination to
be 1.8% in the preparation after ion-exchange chro-
matography, which accounts for less than 0.4 Chl of
w x6.07"0.28 Chlr2 Pheo. Eijckelhoff et al. 47 used
the A rA ratio of the room temperature absorp-416 435
tion spectrum as a measure for the purity of the
preparation. According to this work a ratio of 1.20 is
indicative of a very pure D1rD2rcytb complex559
with 6.4"0.25 Chlr1.6"0.30 b-carotener2 Pheo.
A lower value would indicate a significant contami-
nation with CP47, wheras a higher ratio would be due
to the loss of one of the b-carotenes. The A rA416 435
ratio of the D1rD2rcytb described in the present559
 .study Fig. 1 is 1.20 and therefore this preparation is
very pure in terms of the above mentioned criterium.
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